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Abstract
Hadron spectra measurements in proton–proton and nucleus–nucleus collisions at the LHC provide the means to study the
mechanisms of particle production and properties of the medium formed in relativistic heavy ion collisions. The ϕ-meson is a very
rich probe since it is sensitive to several aspects of the collision such as strangeness enhancement, chiral symmetry restoration, and
parton energy loss. Due to its small inelastic cross-section, the ϕ-meson is not strongly affected by the late hadronic rescattering and
is sensitive to the initial evolution of the system. With a mass similar to that of the proton, it is interesting to see how the ϕ-meson
fits within the meson/baryon pattern of observables. Being a pure ss¯ state, it further constrains the energy loss and recombination
pictures. This article presents recent results on ϕ-meson invariant yields and nuclear modification factors measured in a wide range
of transverse momentum up to 21 GeV/c2 in (p + p) and (Pb + Pb) collisions at different centralities. The proton-to-(ϕ-meson)
yield (p/ϕ) ratio as a function of transverse momentum in (Pb + Pb) collisions at an energy of √SNN = 2.76 TeV is also presented.
Copyright © 2015, St. Petersburg Polytechnic University. Production and hosting by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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One of the main goals of high-energy nuclear physics
is studying the phase diagram of the strongly interacting
nuclear matter. It is assumed that nuclear matter under-
goes a phase transition from hadronic to partonic degrees
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(Peer review under responsibility of St. Petersburg Polytechnic University).[1,2]. Phase transition studies can help to better under-
stand different phenomena of quantum chromodynamics
(QCD) such as confinement and chiral symmetry viola-
tion which do not have a clear theoretical explanation at
the moment.
In laboratory conditions, high temperatures and bary-
onic densities can be achieved in central collisions of
relativistic heavy nuclei. In such collisions the kinetic
energy of colliding particles disperses inside a large vol-
ume of nuclear matter involved in the reaction. Simulta-
neous heating and squeezing of nuclear matter can lead
to a phase transition of matter from colorless hadrons toion and hosting by Elsevier B.V. This is an open access article under
0/).
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plasma (QGP) [3].
In 2005 all collaborations at the Relativistic Heavy
Ion Collider (RHIC) [4] in the Brookhaven National Lab-
oratory (BNL, USA) announced the experimental obser-
vation of a new state of matter that is the strongly interact-
ing QGP [1,2]. The observed substance had properties of
a nearly perfect liquid with partonic degrees of freedom,
high energy and color charge density.
The conclusion that a new state of nuclear matter is
formed in central heavy nuclei collisions at RHIC ener-
gies was based on the body of experimental observations
and their interpretation within the QCD. One of the main
results in favor of QGP formation at RHIC was the obser-
vation of hadron suppression at high transverse momen-
tum called the jet-quenching effect [5,6]. This suppres-
sion occurs as a result of energy losses of high-energy
partons traversing the color-charged medium formed in
the relativistic nuclei collisions [7,8]. Measuring the sup-
pression level allows to estimate the energy losses of the
in-medium partons and so to study the properties of that
medium. It should be noted that an intermediate medium
is not expected to form in the collisions of light and heavy
nuclei and the jet-quenching effect should not occur.
Measurements of light hadrons produced in heavy ion
collisions at RHIC energies indeed indicated the sup-
pression of hadron production by over a factor of five in
central Au+Au collisions [6]. Meanwhile, no suppres-
sion was observed for the same hadrons and high-energy
direct photons in case of d+Au collisions [9,10]. It was
the first experimental confirmation of jet-quenching and
it allowed to estimate the energy and color charge den-
sity in the formed medium associated with QGP. In spite
of the fact that there are many theoretical models suc-
cessfully describing the suppression of light hadrons in
central heavy ion collisions, these models cannot explain
a similar suppression of hadrons containing light quarks
(u, d) and hadrons containing heavy quarks (c, b). It is
clear that such a problem demands a deeper study of the
jet-quenching effect, as well as systematical measure-
ments of production and suppression of a wider sample
of identified hadrons with different masses and quark
content.
Another important observation made at RHIC was
the enhancement of baryon production with respect to
mesons at intermediate transverse momentum in central
heavy ion collisions [11]. The p/π ratio measured in cen-
tral collisions of heavy ions in the transverse momentum
range of 2–5 GeV/c was observed to be several times
larger than the same ratio measured in p+p collisions at
the same energy. For an explanation of this experimen-
tally observed effect, called the baryon anomaly [12],hadron production mechanisms other than fragmenta-
tion need to be taken into account. Some existing models
[13,14] try to explain this enhancement of baryon pro-
duction through the recombination of structural quarks.
In this scenario, three-quark baryons get a larger in-
crease in transverse momentum than two-quark mesons.
Recombination models assume a thermal source of
partons is formed that can be associated with QGP. It
should be noted that other alternative models explaining
this effect also exist, including models based on hydro-
dynamic effects and radial flow evolution [15–17]. In
such models, the difference between baryon and meson
production is driven by the difference in particle masses.
It is obvious that for a better understanding of dominat-
ing hadron production mechanisms, a systematic study
of the production of different hadrons at intermediate
transverse momentum is necessary, focusing on the
production of baryons and mesons with similar masses.
The experimental program of relativistic heavy ion
collisions started at the Large Hadron Collider (LHC) at
CERN (Switzerland) in 2010 [18]. All discoveries made
at RHIC were confirmed by experiments at the LHC.
In this work ϕ-mesons are considered the key instru-
ment for studying the hot and dense matter produced in
central heavy nuclei collision at the LHC. By mass and
quark content this particle sits in between light (u, d) and
heavy (c, b) hadrons. Measurements of ϕ-meson pro-
duction in central heavy ion collisions will contribute to
the systematic studies of the jet-quenching effect. More-
over, the mass of the ϕ-meson is similar to that of the
proton, making it an ideal candidate for baryon anomaly
studies.
In this article measurements of ϕ-meson invariant
production spectra in p+p collisions at √s = 2.76 TeV
and in Pb+Pb collisions at √sNN = 2.76 TeV are pre-
sented. These results are used for calculating the nuclear
modification factors for ϕ-mesons in Pb+Pb collisions
at different centralities. The implications of the obtained
results for the determination of the properties of the hot
and dense medium and the dominating mechanisms of
hadron production at different transverse momenta are
discussed.
Measurement of the invariant production spectra of
ϕ-mesons
All results presented in this article were obtained by
analyzing the data of the ALICE experiment at the LHC.
A detailed description of the detector subsystems along
with the discussion of the ALICE experimental program
can be found in Ref. [19].
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Fig. 1. Invariant mass distribution of pairs of oppositely charged kaons
in (Pb+Pb) interactions at an energy of √SNN = 2.76 TeV before (a)
and after (b) the substraction of the combinatorial background.
Fig. 2. Invariant differential spectra of ϕ-meson production measured
in (Pb+Pb) collisions at √SNN = 2.76 TeV for the collision centralities
of 0–5 % (1), 10–20 % (2), 20–30 % (3), 30–40% (4), 40–50% (5),
60–80% (6).The reconstruction of ϕ-mesons was done using
their decay channel into two charged kaons, ϕ→К+К−.
Charged particle tracks were reconstructed in two main
tracking detectors of the ALICE experiment: TPC (Time
Projection Chamber) and ITS (Inner Tracking System).
Because of the high multiplicity of particles produced
in central ultra-relativistic heavy ion collisions at LHC
energies, signal extraction at low transverse momentum
is not possible without particle identification (PID) be-
cause of a huge combinatorial background. Meanwhile
at high transverse momentum PID does not play a con-
siderable role. That is why all results presented in this
article were obtained with PID at pT < 3 GeV/c and with-
out PID at pT > 3 GeV/c. The PID was provided by using
TPC (identification through ionization energy losses of
charged particles) and TOF (Time of Flight – identifi-
cation through time of flight and particle momentum).
A set of additional cuts was applied and optimized for
better signal-to-background ratio:
• pseudorapidity range for a single track (|η| < 0,8 as
determined by the TPC detector acceptance);
• the minimal number of hits associated to track in the
TPC must equal 70;
• each track reconstructed in the TPC must be associ-
ated with a segment of a track reconstructed in the
ITS inner tracker. The usage of hybrid tracks recon-
structed in the TPC and ITS improves momentum res-
olution and suppresses contribution to the combina-
torial background from secondary particles produced
outside the interaction point;
• restriction on the minimal transverse momentum for a
single track. Because of higher multiplicity of tracks
this cut is tighter in case of heavy nuclei collisions
than in case of light nuclei collisions. In the most
central Pb+Pb collisions in case of no PID analysis
all tracks were required to have pT > 0,75 GeV/c. For
all other centralities pT > 0.5 GeV/c. In case of PID
analysis it was required that pT > 0.15 GeV/c.
For decay signal extraction invariant mass distributions
of oppositely charged pairs of tracks (К+К−) were accu-
mulated. These distributions contained both signal and
combinatorial background. A mixed-event technique
was used for estimating the uncorrelated background.
Events selected for mixing had to have similar central-
ities (|C| < 10%) and z-coordinates of the interaction
vertex (|z| < 2 cм). After the uncorrelated background
had been subtracted, the remaining invariant mass dis-
tributions were fitted to a complex function consisting
of the convolution of the Breit–Wigner (for signal) and
Gaussian (for detector mass resolution) functions and asecond order polynomial function to take into account
the remaining background. Some examples of the in-
variant mass distributions before and after combinatorial
background subtraction are shown in Fig. 1.
The black dots are the experiment; the open mark-
ers are the combinatorial background estimated by the
mixed-events technique; the solid line is the distribution
approximation fit to a complex function, the broken line
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maining correlated background.
The Monte Carlo simulation was used for estimat-
ing the ϕ-meson reconstruction efficiency and the mass
resolution of the tracking system. Pythia and HIJING
were used as event generators for (p+p) and (Pb+Pb)
collisions, respectively. Tracking of generated particles
through the detector subsystems was simulated using the
GEANT3 package.
Mass resolution was estimated via a comparison
of generated and reconstructed masses of ϕ-mesons
separately for each analyzed pT bin. Distributions with
the difference of generated and reconstructed masses
were fit to a Gaussian function, while the distribution
width obtained from the approximation was taken as
equal to the mass resolution.
The reconstruction efficiency of ϕ-mesons for each
analyzed pT range was calculated as Nrec/Ngen, where
Ngen is the number of generated ϕ-mesons in the ana-
lyzed transverse momentum and rapidity bin, and Nrec
is the number of reconstructed ϕ-mesons after all se-
lections. The extracted reconstruction efficiency rapidly
increases at low transverse momentum. At pT > 8 GeV/c
the efficiency saturates at ∼0.45 and no longer depends
on the transverse momentum.
Invariant differential production spectra forϕ-mesons
were built using the following formula:
1
2πN pT
d2N
d pT dy
= 1
2π
εtrig
Nev
1
pT
1
eff · BR
Nϕ
ypT
,
where Nev is the number of events for analysis; pT is
the center of the analyzed transverse momentum range;
BR is the probability for a ϕ-meson to decay into two
charged kaons (taken as 48.9%, according to [20]); Nϕ
is the measured number of ϕ-mesons in the analyzed
transverse momentum and rapidity range; eff is the re-
construction efficiency per acceptance; εtrig is the trigger
efficiency correction.
The main contribution to the total systematic error is
the uncertainty in charged track reconstruction efficiency
in the TPC and ITS. This uncertainty was estimated as
equal to 5% for a single track and equal to 10% for a
ϕ-meson. Another considerable contribution to the sys-
tematic error is the uncertainty in ϕ-meson yields extrac-
tion from fits of the measured spectra of invariant masses
of kaon pairs. This uncertainty was estimated by vary-
ing the fitting ranges and the fitting functions describing
the background; it turned out to be equal to 4–12% de-
pending on the transverse momentum of ϕ-mesons. The
total systematic error varies from 12 to 17% with weak
dependence on the transverse momentum of ϕ-mesons.Measurement results
Invariant differential production spectra of ϕ-mesons
were measured in p+p collisions at √S = 2.76 TeV and
in Pb+Pb collisions with different centralities at √SNN
= 2.76 TeV. Results for Pb+Pb collisions are presented
in Fig. 2. All measurements are provided in a wide range
of transverse momenta up to 21 GeV/c for p+p collisions
and (semi)central Pb+Pb collisions and up to 6 GeV/c
for peripheral Pb+Pb collisions. In this and all subse-
quent figures statistical and systematic measurement un-
certainties are shown with error bars and boxes, respec-
tively. The spectra for different centralities were scaled
by factors of 10 for better visualization.
The spectra for different collision centralities are mul-
tiplied by the scaling coefficients: 102 (1), 101 (2), 100
(3), 10–1(4), 10–2 (5), 10–3(6). Vertical bars mark the sta-
tistical errors, boxes mark the systematic measurement
errors.
The nuclear modification factors for ϕ-mesons in
Pb+Pb collisions at √SNN = 2.76 TeV with different
centralities were extracted based on the obtained results.
The nuclear modification factor is determined as:
RAB = dN
p
AB
TAB × dσ pNN
,
Where dN pAB is the differential particle yield in A+B
interactions and dσ pNN is the production cross section in
(p+p) interactions; TAB are the nuclear overlap functions
[21] calculated in the Glauber model.
Results of nuclear modification factors for ϕ-mesons
in (Pb+Pb) collisions are presented in Fig. 3.
In central Pb+Pb collisions at high transverse mo-
mentum the ϕ-meson production is strongly suppressed
with respect to p+p interactions. The suppression is sim-
ilar to that of other identified hadrons. Nuclear modi-
fication factors become close to unity going from the
most central to peripheral collisions. At intermediate
transverse momentum nuclear modification factors for
ϕ-mesons are between the factors for protons and kaons.
In the most central Pb+Pb collisions these factors are
closer to these of light mesons (kaons, pions), while in
peripheral collisions they closer to those measured for
protons.
In Fig. 4 the p/ϕ ratios for different centralities of
Pb+Pb collisions at √SNN = 2.76 TeV are presented
as a function of transverse momentum. Results ob-
tained in peripheral Pb+Pb collisions are in agreement
within uncertainties with the results in p+p collisions.
In the most central Pb+Pb collisions the p/ϕ ration does
not depend on pT in the transverse momentum range
pT < 4 GeV/c.
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Fig. 3. The dependence of nuclear modification factors for ϕ-mesons (1) on the transverse momentum in comparison with other hadrons (2 –
protons, 3, 4 – charged kaons and pions) in (Pb+Pb) collisions at an energy of √SNN = 2.76 TeV for the collision centralities of 0–5% (a) and
40–50% (b). Vertical bars mark the statistical errors, boxes mark the statistical measurement errors.Conclusion
The obtained results show that in (semi)central
Pb+Pb collisions ϕ-meson production is significantly
suppressed at high transverse momentum. The level of
suppression is consistent within uncertainties with the
suppression observed for other light hadrons (π , K, p).
The observed suppression cannot be explained by coldnuclear matter effects and may be a signal of quark-gluon
plasma formation.
A weak dependence of the p/ϕ ratio on transverse
momentum in the most central Pb+Pb collisions at pT
< 4 GeV/c (Fig. 4) indicates that shapes of the hadron
production spectra are determined by particle masses.
This observation is in agreement with hydrodynamic
model predictions and does not require the introduction
of recombination models. The difference between nu-
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Fig. 4. The dependence of p/ϕ production on transverse momentum
for (p+p)-(1) and (Pb+Pb)-(2, 3) collisions at √S = 2.76 TeV. The
collision centralities are 60–80 % (2) and 0–5 % (3).clear modification factors for ϕ-mesons and protons in
the most central Pb+Pb collisions can be explained by
the difference in the reference production spectra in p+p
interactions.
All results presented in this article can be used for
studying the properties of hot and dense nuclear matter
produced in relativistic heavy ion collisions.
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